This study presents a modified one-side pitch-catch electromagnetic acoustic transducer (EMAT), the optimized design improves the horizontal static magnetic field excitation and helps to enhance the generation and reception of the Lamb wave. A coupling model is applied to characterise and analyse the new design in detail. The model indicates that the optimized magnetic field with an increased peak flux density compared to the traditional magnetic configuration of EMAT. As a result, the transduction efficiency of the one-side pitch-catch design is dramatically improved ingeneration and reception process. Experiments verify that a measurement system using the modified one-side pitch-catch design is improved by a factor of 3.3, when compared to conventional one-side pitch-catch design.
I. INTRODUCTION
Electromagnetic Acoustic Transducer (EMAT) is a promosing Ultrasonic Testing (UT) technique based on magnetic coupling mechanism [1] . Compared with conventional UT technique using piezoelectric transducer, EMAT can generate and receive various wave modes in conductive and ferromagnetic materials without physical contact or liquid couplant with specimen [2] , [3] . Such contact&couplant-free feature makes EMAT especially well-suited for industrial applications where needs high-temperature inspection, or the surface condition of the specimen is not ideal [4] - [7] . Lamb wave is one of special guide structure mode which is widely used for accessing the damages and characterization of metal materials due to its low attenuation and long distance propagation [8] , [9] . The S (symmetric) mode and A (antisymmetric) mode are the two modes of Lamb waves, at the constant frequency-thickness condition, of which the wavelength of the fundamental antisymmetric mode A0 is much shorter than the fundamental symmetric mode S0, so A0 has more sensitive to defects [10] . Through decades of research and development, EMAT has been used in wide range of applications including thickness measurement for metallic produces, The associate editor coordinating the review of this manuscript and approving it for publication was Chao Tan . pipeline defect detection, flaw detection in steel products, etc. The main challenge of EMAT compared to conventional UT is the relatively low transduction efficiency. To improve the transduction efficiency, researchers have spent great effort over the past decade.
Dhayalan designed a unique flexible material (Fe 60 Ni 10 V 10 B 20 ), which can be deployed between permanent magnets and coils for increasing magnetic flux in order to improve the efficiency of transduction [11] . Ren designed a new EMAT (silicon steel below a permanent magnet), which can increase the strength of the magnetic field [12] . High energy pulses are proved to be an effective method to achieve a narrowband and ultra-low noise receiver [13] , [14] . The various digital signal processing methodscan assist in effectively distinguishing EMAT signals, such as smart sound processing [15] and phase sensitive detection [16] .
Instead of increasing the excitation frequency of the transducer or introducing sophisticated signal processing methods to isolate the target signal from noise, the most effective way to improve the transduction efficiency is to optimize the structure of the electromagnetic ultrasonic transducer. Liu presented an omnidirectional A0 mode Lamb waves generated by concentric permanent magnet pairs with opposite polarity (CPMP-OP) EMAT [17] , and Pei presented a modified EMAT of Rayleigh wave design with the SNR of the measurement system increased by a factor of 5.3 [18] .Wu analyzed the impact of the cross-sectional area of the coil wires on the transduction efficiency [19] , while Liu presented a new magnetostrictive patch transducer with an appropriate static magnetic field by adjusting the number of permanent magnet arrays [20] . Kang made use of the optimized characteristic of stronger horizontal magnetic field to optimized the coil arrangement and achieve high-energy conversion efficiency [21] . Liu compared eight magnetic configurations and determined that the magnetic field can be more concentrated with the superposition of three different diameters magnets [22] . Wang investigated the optimal size of coils for improving the transduction efficiency of the EMAT using orthogonal design method [23] . Hao designed a multi-layer split-coil to improve transduction efficiency of EMAT [24] . Petcher designed a flexible coil which can effectively reduce lift-off distance and improve the Signal-to-Noise (SNR) ratio of EMAT [3] .
According to these works, the transduction efficiency of EMAT can be influenced by many parameters regards to the coil and the permanent magnets. Among them, the square of the strength of the magnetic field plays the vital role [22] .The static magnetic field is an essential factor of the transduction and can be applied via a permanent magnet. However, there are no relevant studies concerning optimization analyses of both the exciting and reception processes of EMAT, as well as the reasonable utilization of the magnetic circuit characteristics of EMAT transmitters and receivers (most of the optimized configurations of EMAT transmitters and receivers are the same, and the magnetic circuits are independent).
In this paper, the proposed transducer can significantly increase the strength of horizontal magnetic field of the sensing area. By adjusting the relative position of the permanent magnet and the coil, the efficiency of energy conversion can be greatly improved, which lead to better SNR of received signal.
The proposed modified one-side pitch-catch design EMAT is intensively investigated via simulations and experiments. The rest of the paper is organized as follows. Section II provides details regarding to the principle of EMAT. The simulation and the validation works are demonstrated at Section III and IV, followed by the experimental investigation and discussion in Section V.
II. DESIGN AND PRINCIPLE OF THE MODIFIED EMAT
The EMAT transmitter consists of an exciting coil and a permanent magnet, which provide dynamic and static excitation. In a non-ferromagnetic specimen, the transduction mechanism is generated via Lorentz forces, which are obtained via the cross multiplication of the magnetic flux density and the eddy current density Je:
where, b refers the Lorentz force, B s refers static magnetic field, B d refers alternating magnetic field. The calculated Lorentz force is then applied to the elasto-dynamic equation as a body load, ü = ∂ 2 u/∂t 2 , T 0 is the first Piola-Kirchhoff stress tensor, ρ 0 is the mass density. Ultrasonic signals are received in the pick-up coils according to the law of electromagnetic induction.The induced voltage V at the EMAT receiver is [22] :
where i refers the exciting current, N refers the number of turns of the pick-up coil, B stands for the active area of static magnetic field , A is the transduction area of the EMAT receiver, G represents the lift-off distance, D is the diameter of the pick-up coils, α is a geometry constant. As shown in Eq.(3), V is mainly affected by i. Under the constant power loading, i is inversely proportional to the size of the pick-up coil. Thus, these two values can not be raised simultaneously. The most critical factor affecting the system efficiency is B, which is squared with the induced voltage. Fig.1 (a) illustrates the conventional design of EMATs and the equivalent magnetic circuit. A pair of permanent magnets with identical position of magnetic poles is used for generating static magnetic field. For each permanent magnet, a magnetic circuit is formed by a single permanent magnet, and underneath is a meander coil creates vertical magnetic field mainly in order to excite or pick-up ultrasonic waves. Fig. 1(b) illustrates the proposed one-side pitch-catch design of EMATs and the equivalent magnetic circuit, the magnetic poles of the EMAT transmitter and EMAT receiver are opposite. A magnetic circuit is formed by two permanent magnets, and the traditional magnets of one-side pitch-catch EMAT can be two identical bulk magnets generating a vertical magnetic field mainly. The two equivalent magnetic circuits can be expressed:
where, ξ m is magnetomotive force generated by a single permanent magnet, is magnetic flux, R m is the reluctance of a permanent magnet, R air is the reluctance of air gap, µ 0 is air permeability, S is the cross-sectional area of a permanent magnet, l is the air gap length, l 1 depends on the height of the permanent magnet,l 2 depends on the distance between the two permanent magnets. Since the permeability of air is much smaller than that of permanent magnets, R air R m . Therefore, 2 > 1 , and stronger horizontal magnetic loop can be obtained.
In addition, the distance between two meander coils is shortened compared with conventional design, and the space of adjacent wires of meander coils is half the ultrasonic wavelength. With the proposed design, the magnetic flux density of the superficial layer of specimen can be significantly increased. Consequently, the efficiency of energy conversion of transducer can also be improved.
The multi-mode and the dispersive nature of Lamb waves make the interpretation of the received signal difficult. The complexity of signal processing can be simplified if single mode lamb wave is generated. According to the phase velocity dispersion curve and constructive interference condition, the two excited Lamb waves (the A0 and S0 modes) have different phase velocities and wavelengths. Therefore, the design scheme of EMAT is based on one mode and the excitation and receiving efficiency of the other mode is suppressed.
III. FINITE ELEMENT SIMULATION OF THE MODIFIED EMAT
To investigate the performance of EMAT, a set of numerical simulations are conducted via COMSOL Multiphysics software. The modeling of the electromagnetic excitation process uses the AC/DC, Magnetic Fields module, and propagation process uses the Structural Mechanics Module.
In multi-physics finite element methods, a typical process of model calculation can be divided into three parts: the simulation of a static magnetic field and a high-frequency alternating magnetic field, the electromagnetism-mechanics conversion process and the generation of the ultrasonic wave, and the detection of the ultrasonic wave. Therefore, the electromagnetism-mechanics coupled by Lorentz forces in the transduction area and the detection process is opposite the generation process. The induced electric field is obtained via the cross multiplication of the ultrasonic velocity and the magnetic flux density in the receiving coil.In the process of model solving, the static bias magnetic field is solved in a steady-state, and other fields are solved by the transient method.
To ensure the accuracy of finite element simulation, the mesh size should be small enough, and the grid quality should be modified as high as possible. The skin depth should contain five or more elements, and the wavelength of the Lamb waves inside the ultrasonic path should contain six or more elements.
A. STATIC MAGNETIC FIELD ANALYSIS Figure 2 shows the static magnetic flux density distribution of the two magnetic configurations. The type Nd-Fe-B magnets is selected as the material of the permanent magnet with a remanence of 1.2T for both cases, and the dimensions of the magnets are the same. As shown in Fig. 2(a) , the magnetic flux of a conventional design is primarily perpendicular to the transduction area and that the range of the magnetic induction intensity is from 0.1T to 0.3T in the transduction area. Figure 2 (b) illustrates that the magnetic flux of the new EMAT is primarily horizontal to the transduction area, the magnetic field is mainly concentrated in the transduction area, and the range of the magnetic induction intensity is from 0.4T to 0.6T. In addition, it can be seen that the magnetic flux density forms an optimized magnetic loop in new design, which is very helpful for reducing magnetic leakage.
According to the design principle of the A0-Lamb-EMAT (f = 1 MHz), the distance of the meander coil is 1.17 mm. At the frequency-thickness of 1 MHz· mm, the phase velocity of A0 is 2.34 mm/µs and the phase velocity of S0 is 5.38 mm/µs, that is, the primary excitation and reception of the Lamb wave is in the A0 mode. As shown in Fig.3 , the Lamb wave excitation efficiency of the S0 mode is relatively low. The x-displacement of the A0 mode is anti-symmetric along the center line of the plate, and the y-displacement is symmetric along the center line, while the displacements of the S0 mode are opposite. Lamb waves often encounter face echoes in the propagation path, and the conversion efficiency of a face echo is less efficient.
B. CALCULATION OF EMAT SIGNALS
The simulation of the strength of the Lorentz force needs to be discussed in detail. Therefore, local positions (green points) were selected for a simulation analysis, as shown in Fig. 4 . The green points on the surface aluminium are right below each wire, and the Lorentz forces of these typical points represent the transduction sources. The Fx (the Lorenz force density in the x-coordinate) and Fy (the Lorenz force density in the y-coordinate) at the green positions are shown in Fig. 5 . Because of the static magnetic field is not evenly distributed, thus there is a large gap in the Lorenz force. The magnitude of Fy near the right edge of the permanent magnet is the largest with the static magnetic field in the x-direction parallel to the aluminium plate is larger than that in the y-direction at position 6. Comparing the Lorenz forces of the modified design, we see that the primary of the VOLUME 7, 2019 magnetic field has changed, the amplitude of the modified Fy is not only larger than the amplitude of the conventional Fy but also the amplitude of the modified Fx is larger than the amplitude of the conventional Fx. We find that the modified design better follows the principle of an optimized magnetic circuit with a more concentrated static magnetic field.
To compare the performance of three types of pitch-catch designs, and numerical models were established to calculate the Lamb wave propagation and the displacements detection. The dimensions of the magnets and meander-line coils are the same. The spacing interval between the adjacent wires is equal to the half wavelength of the enhanced ultrasonic wave in meander-line coils. The meander-line coil is driven by a burst current signal with three cycles oscillating at frequency-thickness of 1 MHz· mm for the Lamb wave. Figure 6 shows the computational Lamb wave propagation in the aluminum plate. The proximity reason of the EMAT transmitter to the EMAT receiver produces an overlap of the A0 and S0 waves. Because the propagation speed of the S0 wave is much larger than that of the A0 wave, the two modes separate as the distance increases. As shown in Fig. 4(a) , not only the A0 wave but also the S0 wave is simultaneously end-reflected. However, the amplitude of the end-reflected A0 wave is higher than that of the end-reflected S0 wave with the A0-Lamb-EMAT design. Figure 6 shows the simulated received signal voltage of the Lamb waves generated in the three cases. The Lamb wave acquisition of the new design is much stronger than the acquisition of the conventional design. Thus, this demonstrates that the new design is more efficient in electromagnetism-mechanics transduction. The ratios of the peak-to-peak amplitudes of the components of the received signal voltage of the Lamb waves for the three cases in the computational results is shown in Table 1 . Using the same dimensions for the two EMATs (EMAT transmitter and EMAT receiver), the transduction efficiency is improved by a factor of 5.9.
IV. ANALYSIS AND OPTIMIZATION OF THE EMAT
To investigate the new design, the relationships between the parameters of the modified pitch-catch configuration and the amplitude of the Lamb waves need to be analyzed. This new design creates a good magnetic circuit that strengthens the intensity of the horizontal magnetic field Bx. Therefore, according to the change in the distances between the two transducers, the spacing distance effect on the magnetic field of the optimized magnetic circuit needs to be further analyzed. As shown in Fig.7 , Bx changes significantly with the spacing distance due to the optimized magnetic circuit effect, especially at the ends of the coil. The rate of change of the internal Bx is not significantly different from that of the exterior Bx, which corresponds to the optimized magnetic distribution rule. By changes slightly with the spacing distance due to the optimized magnetic circuit effect in the range of 0.05T, and the amplitude of the Fx generated by each coil is also only slightly different and the amplitude of Fx is relatively balanced. Note that the ''optimized magnetic circuit'' is formed in the 0mm space distance, and the ''adjacent optimized magnetic circuit'' is formed in 1mm space. Therefore, in the process of two optimized magnetic circuit changes, By in the middle area (Position 5 and Position 6) will produce some abnormal jump changes, and then By varies monotonically from 1 mm to 5mm (In only adjacent optimized magnetic circuit).
To analyze the generation transduction efficiency of each exciting coil, individual coils will be used as the excitation source in turn, within the rules of one coil at a time. Fig.8 and Tab.2 present the comparison of receiving voltages before and after modified design. It can be observed that the receiving voltages of individual exciting coils are consistent in the phase domain. It means that the action of each excitation coil conforms to the constructive interference of the superposition theorem (shown in Fig.9 ). As shown in Tab. 2, the amplitude of the receiving voltage excited by each exciting coil changes significantly due to the relative misalignment between coil and magnet, namely the generation transduction efficiency of each exciting coil are different. For instance, the amplitude of receiving voltage generated by the exciting coil 1 (as shown in Fig. 5 ) is 9.35 times higher than before. Meanwhile, the amplitude generated by the exciting coil 6 was increased 1.19 times. These results prove that the modified design of the optimization of the stronger optimized magnetic field brings a huge boost to the generation transduction efficiency. This is also illustrated that the optimization of stronger optimized magnetic field improves the generation transduction efficiency significantly in modified design.
The detection transduction efficiency by each pick-up coil is analyzed, each pick-up coil is separately used as the receiver (the other five pick-up coils are zero reception). Compare the receiving voltages before and after modified design, as shown in the Fig. 10 and Tab. 3. Corresponding results suggest that the adjacent pick-up coils have 180 degrees phase differences in received voltages, which means that the directions of voltages of adjacent pick-up coils are opposite in the case of the ''meander'' design. Therefore, the action of each pick-up coil satisfies the constructive interference of the superposition theorem (as shown in Fig.10 ). However, the amplitude of receiving voltages varies significantly among different pick-up coils due to the relative TABLE 2. The magnification of the effect by each exciting coils (the data comes from Fig.12 ). misalignment of the pick-up coil and the magnet. As shown in Tab. 3, the amplitude of receiving voltage sensed by the pick-up coil 1 (as shown in Fig. 5 ) was increased 8.87 times Compared with conventional design, the increment of amplitude generated by the pick-up coil 6 was increased 1.75 times. This illustrates that the detection transduction efficiency can be significantly improved via the proposed modified design of the stronger optimized magnetic field. This is also illustrated that the optimization of stronger optimized magnetic field improves the detection transduction efficiency significantly in modified design.
The receiving of ultrasonic waves conform the law of electromagnetic induction. According to the optimized magnetic circuit of modified design, the horizontal magnetic field amplitude is much larger than the vertical magnetic field for the inside of EMAT (e.g. Pick-up coil 1). Therefore, y-axial propagation of ultrasonic waves cuts the magnetic lines of flux and produces receiving voltage in pick-up coil 1. Meanwhile, the x-axial movements of ultrasonic waves cuts the line of magnetic force and generates receiving voltage in pick-up coil 1 of conventional design, as shown in Fig.11 .
To decouple the transduction efficiency of generation and the transduction efficiency of reception, the transduction efficiency should be quantitatively analyzed. The Lamb wave amplitudes with the same propagation time will be analyzed in both conventional and modified designs. As shown in Fig.12 and Tab.4, the propagation of x-direction and y-direction have been increased 2.42 times and 2.48 times respectively, and the receiver magnification is 2.45. Meanwhile, the modified design raises the transduction efficiency of generation and receiving to the same level. The optimized transduction efficiency is the product of the generation transduction efficiency and the detection transduction efficiency.
V. EXPERIMENT A. EXCITATION AND RECEPTION OF LAMB WAVES
To verify the characteristics and performance of the improved pitch-catch design, several contrasting experiments between the three pitch-catch designs were performed. The experimental system is shown in Fig.13 , an aluminium plate (3000mm×60mm×1mm) was used as a specimen. A pitchcatch EMAT design was used for the emission and acquisition of Lamb waves in the aluminium plate. The EMAT parameters are given in Table 5 .For maximum power output, a pair of impedance matching networks was connected to pitchcatch EMAT. A high-energy burst current was supplied to the EMAT coils using a RITEC RAM 2500 power amplifier and amplified the received Lamb wave signal. The EMAT transmitter was placed on the aluminium plate, this exciting transducer was located 50 mm from the left. The EMAT receiver was positioned on the right side 10mm from the EMAT transmitter, and the excitation was1MHz sinusoidal signals. Fig.16 ). Fig. 14 shows the receiver signals from the above system with the same specimens under the conventional configuration, the improved magnet configuration and the improved magnet configuration and coils. To distinguish the ultrasonic time-domain characteristics, a reasonable distance between the transmitter and the receiver was experimentally designed to diminish the effects of the first received A0 Lamb waves submerged in the excitation blind area. Based on the principle of the A0-Lamb-EMAT, the amplitude of the S0 mode was small and submerged in the time domain noise signal. At nearly 48 µs, the first A0 Lamb wave was received from the end face of the aluminium plate. The improvements in the generation and detection efficiencies were evaluated via a comparison of the acoustic amplitudes. Using the new pitch-catch design, the SNR ratio of the entire process was improved about 3.3 times. The long distance between the two EMATs influences the effect of the optimized magnetic circuit, and a slight difference in the relative position of the coil to the permanent magnet also affects the optimization efficiency in the experiment, so the value of optimization efficiency fluctuates slightly and it can be considered comprehensively. Since the transmitter and receiver are very close to each other, the exciting and pick-up coils should be regarded as a whole in the excitation process, due to the improvement of energy conversion efficiency, the induced current in the pick-up coil will change and increase, which will increase mutual inductance in the two coils, and thus affect the size of the magnetic flux in the exciting coil. Under the constant voltage excitation, the excitation current will change to some extent. So the interference signal is not the same. This optimization efficiency is close to the calculation results in Fig.14, showing a significant improvement in the generation efficiency for the new design both theoretically and experimentally.
VI. CONCLUSION
To improve the electromagnetism-mechanics transduction, an ingenious design was developed using the existing magnets and coils in a conventional EMAT. The magnetic configuration of one-side pitch-catch design increases the horizontal magnetic flux density cutting across the coil. With such an optimized magnet circuit, a much stronger Lorentz force is generated in transduction area. A comparative study of the performance of the new design was presented using simulations and experiments. Experiments verify that a measurement system using the modified one-side pitch-catch design is improved by a factor of 3.3, when compared to conventional one-side pitch-catch design.
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